Formulation of Continental Outflow Data Set

Meteorological Basis
The detailed synoptic meteorological scheme leading to outflow of South American and African continental air masses over the South Atlantic and Indian Oceans is described elsewhere [Pickering et al., 1994 ; Garstang et al., this issue; Bachmeier and Fuelberg, this issue]. This section provides a brief description of the large-scale flow regime which established the general environmental conditions for outflow of continental air parcels to the marine atmosphere.
Prior to the TRACE A mission, relatively few details were known about the atmospheric flow patterns over the tropical South Atlantic Ocean. This region is under the general influence of slow subsidence, as evidenced by the clear skies and sparce precipitation. A major oceanic anticyclone is located near 30 øS which tends to dominate the flow in the TRACE A study area. This feature is sufficiently large that it can sweep air from over Brazil or Africa to the central tropical South Atlantic in 2 -3 days [Krishnamufti et al., 1993] . Weaker cyclonic and anticyclonic circulations are located over Africa that transport air parcels either to the east over the Indian Ocean or westward to the tropical South Atlantic Ocean. Anticyclonic flow over southcentral Brazil is confined by the origraphic feature of the Andes Mountains on the west, so most of the air exits the continent to the southeast. The NASA DC-8 aircraft sampled each of these persistent continental outflow regimes during the TRACE A expedition.
Measurement Database
Extensive processing of final archived data was required to obtain the data products utilized in our analysis here. Because of the diversity in measurement time resolutions for the species of interest, merged data products were used on various timescales. The principal database was 90-s averaged data that corresponded to the highest resolution NOx (NO + NO2) measurements. The measurements of faster response instruments (e.g., meteorological parameters, aerosol number density, and species including 03, CO, CO2, CH4, and N20 ) were averaged to coincide with the 90-s time base. Merged data products on various time resolutions were used for species with time resolutions longer than 90 s (i.e., acidic gases, peroxides, peroxyacetylnitrate, hydrocarbons, and halocarbons).
Classification of the Database
Isentropic back trajectories were used to identify time intervals on constant altitude flight legs where the sampled air parcels had recently (<1 -5 days) passed over continental areas of Brazil or southern Africa [Bachmeier and Fuelberg, this issue]. The chemical characteristics of continental outflow are captured in this air mass classification. A second major data group was compiled which contained air parcels from over the ocean that had not passed over continental areas within the past 5 days. These data represent the aged marine air classification. For both air mass classifications, data were included for altitude changes of 3 km or less where the chemistry (as indicated mainly by NO, CO, and C2H6) was uniform. Data obtained during spirals was not used here due to heterogeneity in air masses and practical limitations imposed by the vertical density of trajectories. Air parcels of primarily stratospheric composition were also eliminated from the data groups using N20, which has a uniform tropospheric mixing ratio of 308 -312 parts per billion by volume (ppbv). A cutoff mixing ratio of 308 ppbv and above was used to distinguish tropospheric from stratospheric (<308 ppbv) air.
Two outflow data sets were developed, one for air parcels sampled over the western South Atlantic and the other for the eastern basin near Africa.
This latter set included data obtained over the Indian Ocean during one flight between Africa and Madagascar. For some analyses here, the outflow and aged marine data sets were divided into three altitude bands: 0 -4.9 km, 5 -9.9 km, and 10 -13 km. These altitude breakdowns provided chemical depictions of air masses in the lower, middle, and upper troposphere. The rationale for these divisions was based on the fact that above 10 km altitude the air parcels had distinctly different chemistry than below this level; thus these data comprised one group and the region below 10 km was split evenly into two more groups. For most species this provided an approximately equal distribution of data between the two loweraltitude bins.
Characteristics of Air Parcels Over the
Tropical South Atlantic
Aged Marine Air Parcels
The aged marine classification represents air parcels that have not been recently (< 5 days) influenced by continental emissions. The chemistry of this classification is summarized in Table 1 . The most aged air parcels appear to be contained below 5 km altitude, as evidenced by the smallest mixing ratios there of NO, C2H6, C3H8, C2H2, and lowest ratio values of C2H2/CO and C3H8/ C2H 6. In the marine boundary layer the sampled air parcels had trajectories leading typically back to high latitudes over the South Atlantic. These air parcels probably had been over the ocean for a week or two, based on mixing ratios in the 65 ppbv range for CO and 300-400 pptv for C2H 6. Deposition to the surface ocean would also deplete many spe[cies. A detailed discussion of the processes affecting the chemistry of the marine boundary layer is in a companion paper [Heikes et al., this issue] .
Within the aged marine air classification, several species showed a trend of increased mixing ratio with altitude ( Figure 2) . The most dramatic increase was above 10 km. Air parcels in the 10 to 13-km range appear to show a combustion influence based on the increased mixing ratios of C2H6, C3H8, and C2H 2 compared to those at lower altitudes. Halocarbon industrial tracers did not follow the trend exhibited by these hydrocarbon species, but CH3C1 did. The CH3C1 enhancement is evidence for a biomass A noticeable characteristic of the chemistry over the tropical South Atlantic was the elevated mixing ratios of water-soluble gases and aerosol particles (0.12-to 3.1-1am diameter) below 6 km compared to above this altitude (Figures 3c and 4c ). Insoluble and/or long-lived (i.e., atmospheric lifetime >1 month) gases showed a much more uniform distribution from 1 to 12.5 km altitude (Figures 3a, 3b, 4a, and 4b) . A possible explanation for this is that the transport of species to the middle-to-upper troposphere over the continents occurred primarily in wet convective systems where soluble gases and aerosol particles were effectively scavenged. The outflow at altitudes below 6 km appeared to be largely coupled to synoptic flow patterns and the general lofting of fire plumes into the prevailing offshore wind regimes over Brazil and Africa. The ratio CH3OOH/H202 can be a potentially useful diagnostic to identify air parcels influenced by precipitation scavenging during the previous 1-to 2-day period. For timescales longer than this, atmospheric mixing and photochemical production processes can significantly alter the ratio values. Retaining this caveat, ratio values greater than 1 are suggestive of preferential removal of H202 by precipitation due to its greater solubility in water than CH3OOH [Heikes, 1992] •_ 8.
•.. . . Nitrogen is often a limiting nutrient in marine ecosystems [Paerl, 1985 [Paerl, , 1993 , and biomass burning emissions from the African continent are known to be especially nitrogen rich [Delmas, 1982] . assessment of species sources in the 10-to 13-km altitude range. Values of the ratios C2H2/CO and C3Hs/C2H6 indicated that these air parcels were the least processed (i.e., source emissions influenced the least by photochemical aging and mixing process [McKeen and Liu, 1993] ). It appears that subsidence then mixes these high-altitude air parcels downward producing compositionally similar but more processed air parcels (indicated by lower C2H2/CO and C3Hs/C2H 6 ratios) at lower altitudes. The latitudinal distribution of selected species illustrates the dramatic influence on the chemistry from the convergence of various air parcels at high altitude over the tropical South Atlantic (Figure 8 ). These data were obtained at 10 km altitude during a transist flight between Ascension Island and Puerto Rico (Figure 1, mission 18) Close examination of the southern hemispheric data shown in Figure 8 suggests that this latitudinal survey crossed through several continental plumes of combustion-related emissions with parcels of air corresponding to our aged marine classification sampled in between. Within these plumes there was good correlation among CO, CH4, PAN, C2H2, and CH3C1. Backward trajectories indicated that the various plumes sampled on mission 18 had originated from over Africa or South America. Eventually, these plume features should disappear as they photochemically age and are turbulently mixed and diluted to form aged marine air over the tropical South Atlantic.
We explored various sources of species in high-altitude aged marine air parcels using a geographic depiction of the mixing These anthropogenic sources might explain the substantial enhancement of C2H 6 (and other species) and its poor correlation with CH3C1 (Figure 10 ) at high altitude. We base our argument on comparisons of C2H 6 and CO, two insoluble species with similar atmospheric lifetimes. The ratio C2H6/CO directly over (<1 km) active savanna fires in Brazil (mission 6) and Zambia (mission 10) had a value of about 6.0 (pptv/ppbv). Based on the median values given in Table 1 (590 pptv and 
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Conclusion
The positive correlations between CO and CH3C1 and minimal enhancements of C2C14 and various CFCs in air parcels recently advected over the South Atlantic basin strongly suggest an impact on tropospheric chemistry due to continental outflow of biomass burning emissions from Brazil and Africa. The composition of aged marine air also appeared to be affected, as it exhibited an accumulation over the local dry season reflected in enhancements of up to two-fold for C2H6, 30% for CO, and 10% for CH3C1. Median mixing ratios of NO and NOx were significantly enhanced (up to ~1 ppbv) above 10 km altitude and poorly correlated with CO and CH3C1. It appears that in addition to biomass burning, lightning or recycled reactive nitrogen may be an important source of NOx in the upper troposphere over the South Atlantic.
Methane exhibited a monotonic increase in altitude from ~ 1690 to 1720 ppbv in both aged marine and continental outflow air masses. The largest mixing ratios in the upper troposphere were often anticorrelated with CO, CH3C1, and CO2, suggesting CH 4 contributions from natural sources. Based on CH4/CO ratios and relationships with various hydrocarbon and CFC species, it appears that inputs from biomass burning and the northern hemisphere cannot explain the distribution of CO, CH4, or C2H 6 in aged marine air. It would seem necessary to invoke emissions The common occurrence of values greater than 1 for the ratio CH3OOH/H20 2 in the upper troposphere suggests that precipitation scavenging effectively removed highly water soluble gases (H20•, HNO3, HCOOH, and CH3COOH) and aerosols during vertical convective transport over the continents. However, horizontal injection of biomass burning products over the South Atlantic, particularly water soluble species and aerosol particles, was frequent below 6 km altitude. These biomass fire products then appear to filter through the extensive stratocumulus cloud deck covering this oceanic region into the marine boundary layer. Here they should be efficiently deposited to the surface ocean, where inputs of atmospheric nitrogen and other nutrient species may have important implications for this oligotrophic marine ecosystem.
